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Fig. 1. Numerical simulation of the piezopotential 
distribution in an insulating ZnO nanowire. (a) The 
piezopotential distribution and the deformed shape of a 
ZnO nanowire grown along c-axis under a stretching force 
of 85 nN (b), or a compressing force of 85 nN (c). 
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Abstract 
Two new fields are introduced to the sensor community: strained induced piezotronics for smart CMOS and a 
nanogenerator that harvests mechanical energy for powering nanosystems. Fundamentally, due to the polarization of 
ions in a crystal that has non-central symmetry, such as ZnO, GaN and InN, a piezoelectric potential (piezopotential)
is created in the crystal by applying a stress. We have replaced the externally applied gate voltage to a CMOS field 
effect transistor by the strain induced piezopotential as a “gate” voltage to tune/control the charge transport from 
source to drain. The devices fabricated by this principle are called piezotronics, with applications in 
strain/force/pressure triggered/controlled electronic devices, sensors and logic units.  
The principle of harvesting irregular mechanical energy by the nanogenerator relies on the piezopotenital driven 
transient flow of electrons in external load, which can be resulted from body motion, muscle stretching, breathing, 
tiny mechanical vibration/disturbance, sonic wave etc. As of today, a gentle straining can output 1-3 V at an instant 
output power of ~2 PW from an integrated nanogenerator of a very thin sheet of 1 cm2 in size. This technology has 
the potential applications for power MEMS/NEMS that requires a power in the PW to mW range. 
© 2011 Published by Elsevier Ltd. 
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1.1 Introduction 
The future of nanotechnology 
research is likely to focus on the areas of 
integrating individual nanodevices into a 
nanosystem that acts like living specie 
with sensing, communicating, controlling 
and responding. Harvesting energy from 
the environment is a choice for powering 
nanosystems especially for biomedical 
applications. Since mechanical energy is 
a conventional form of energy that exists 
in our living environment, it is essential 
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Fig. 2. A comparison of a CMOS FET and a piezotronic 
FET. The key difference is that the externally applied gate 
voltage VGS is replaced by the stain generated piezopotential, 
which tunes the charge transport insets are the enlarged view 
of the boxed area for one cycle of deformation. This is the 
core of pizotronics. 
to explore innovative nanotechnologies for converting mechanical energy (such as body movement, 
muscle stretching), vibration energy (such as acoustic/ultrasonic wave), and hydraulic energy (such as 
body fluid and blood flow) into electric energy that will be used to power nanodevices without using 
battery. This is a key step towards self-powered nanosystems [1].  
 We have invented an innovative approach for converting mechanical energy into electric energy by 
piezoelectric zinc oxide nanowire arrays [2]. The operation mechanism of the nanogenerator (NG) relies 
on the piezoelectric potential created by an external strain; a dynamic straining of the nanowire results in 
a transient flow of the electrons in the external load due to the driving force of the piezopotential. We 
have developed the nanogenerator technology from fundamental science, to engineering integration and 
to technological scale-up [3, 4, 5, 6]. As 
today, a gentle straining can output 1-3 
V at an instant output power of ~2 PW
from an integrated nanogenerator [7, 8, 
9 ], using which a self-powered 
nanosensor has been demonstrated [6]. 
This technology has the potential 
applications for power MEMS/NEMS 
that requires a power of in the PW to 
mW range. 
1.2 Piezoelectric potential 
The fundamental of nanogenerator 
relies on the presence of the 
piezoelectric potential (piezopotential) 
generated in a nanowire/nanobelt via 
dynamic straining. ZnO has the wurtzite 
structure, in which the tetrahedrally 
coordinated O2- and Zn2+ are stacked 
layer by layer along the c-axis. The lack 
of central symmetry of the wurtzite 
structure results in the piezoelectric 
property of ZnO, which is vital for the 
mechanic-electric energy conversion 
with the ZnO-based nanogenerator. 
The cations and anions are 
tetrahedrally-coordinated in the 
wurtzite-structured ZnO. At the strain free status, the charge-center of the cations and that of anions 
coincide with each other. When an external strain is applied, the structure is deformed so that the charge-
centers for cations and anions separate and result in an electric dipole. Because the ionic charges are not 
free to move and the intrinsic free charge carriers can only partially screen them if the doping level is low, 
the piezoelectric field is preserved as long as the NW is strained. The potential created by the polar ions is 
called piezoelectric potential, or piezopotential [10].   
1.3 Piezotronics [11,12] 
A most simple FET is a two ends bonded semiconductor wire, in which the two electric contacts at 
the ends are the source and drain, and the gate voltage can be applied either at the top of the wire through 
a gate electrode or at its bottom on the substrate. When a ZnO NW is strained axially along its length, the 
piezoelectric potential continuously drops from one side of the NW to the other, which means that the 
electron energy continuously increases from the one side to the other. Meanwhile, the Fermi level will be 
flat all over the NW when equilibrium is achieved, since there is no external electrical field. As a result, 
the effective barrier height and/or width of the electron energy barrier between ZnO and metal electrode 
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Fig. 3. Piezotronic strain sensor/switch.Changes of 
transport characteristics of an Ag/ZnO-nanowire/Ag 
device from symmetric I-V characteristic (black) to 
asymmetric rectifying behavior when stretching (red) and 
compressing (green) the wire. The inset is the equivalent 
circuit models of the device in corresponding to the 
observed I-V curves, different sizes of diode symbol are 
used to illustrate the asymmetric Schottky contacts at the 
two ends of the nanowire. The blue side is the negative 
potential side, and the other side is positive side.  
will be raised at one side and lowered at the other side, thus, it has a non-symmetric effect on the source 
and drain. This is the piezotronic effect [11].
Once a strain is created in the semiconductor that also has piezoelectric property, a negative 
piezopotential at the semiconductor side effectively increases the local SB height, while a positive 
piezopotential reduces the barrier height. The polarity of the piezopotential is dictated by the direction of 
the c-axis for ZnO. The role played by the piezopotential is to effectively change the local contact 
characteristics through an internal field, thus, the charge carrier transport process is tuned/gated at the 
metal-semiconductor (M-S) contact. Figure 2 compares the piezopotential gated FET and the traditional 
CMOS FET, which are different only by replacing the gate voltage by the inner crystal piezopotential. 
With considering the change in piezopotential polarity by switching the strain from tensile to 
compressive, the local contact 
characteristics can be tuned and controlled 
by the magnitude of the strain and the sign 
of strain. This is the core of piezotronics. 
The fundamental working principles of 
the p-n junction and the Schottky contact 
are that there is an effective barrier that 
separates the charge carriers at the two sides 
to across. The height and width of the 
barrier are the characteristic of the device. 
In piezotronics, the role played by the 
piezopotential is to effectively change the 
width of p-n junction or height of Schotty 
barrier (SB) by piezoelectricity, which has 
applications in maximizing the performance 
of the solar cell, photon detector and LED 
by tuning the height of the local SB for 
achieving the optimum charge separation. 
A simple piezotronic device is a 
polarity switchable diode that is made of a 
ZnO NW contacted with metal contacts at 
the two ends on a insulator polymer 
substrate [13, 14]. From the initial I-V curve 
measured from the device before applying a 
strain as shown in Fig. 3, the symmetric 
shape of the curve indicates that the SBs 
present at the two contacts are about equal 
heights. The equivalent circuit model of the 
device is a pair of back-to-back Schottky 
diodes, as illustrated in the inset in Fig. 3. Under tensile strain, the piezoelectric potential at the right-hand 
side of this NW was lower (denoted by blue color in the inset in Fig. 3), which raised the local barrier 
height (denoted by a large diode symbol in the inset). Since the positive piezoelectric potential was 
partially screened by free electrons, the SB height at the left-hand side remained almost unchanged. As a 
result, under positive bias voltage with the left-hand side positive, the current transport was determined by 
the reverse biased SB at the right-hand side. While under the reverse biased voltage with the right-hand 
side positive, the current transport depended on the reverse biased SB at the left-hand side, which had a 
much lower barrier height than the right-hand one. Experimentally, the device thus exhibited a rectifying 
behavior in the positive voltage region, and the I-V curve in the negative voltage region overlapped with 
that of the original curve without straining. By the same token, under compressive strain the device 
exhibited a rectifying behavior in the negative voltage region, and the I-V curve in the positive voltage 
region overlapped with that of the original curve without straining, as shown by the green line in Fig. 3.  
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1.4 Nanogenrator 
Integration of single wire generators (SWGs) is a major step towards the practical applications. 
Taking advantage of the small size of the NW, we can build multiple SWGs on a single substrate such 
that the hamster can drive all SWGs simultaneously. Integration of up to four SWGs in serial has been 
demonstrated with the open-circuit voltage of ~0.1-0.15 V [7-9]. Our recent progress in the field opens a 
door for this approach. The nanogenerator with integrated nanowires in 2 dimensional achieved a peak 
output power density of ~0.22 ȝW/cm2. The generated electric energy was effectively stored by utilizing 
capacitors, as shown in Figure 6d-e. More significantly, the stored electricity was successfully used to 
light up a commercial light-emitting diode (LED).  
Recently, we have demonstrate the first self-powered system driven by a nanogenerator (NG) that 
works wirelessly and independently for longdistance data transmission [15]. A system was built up by 
integrating a NG, rectification circuit, capacitor for energy storage, sensor, and RF data transmitter. 
Wireless signals sent out by the system were detected by a commercial radio at a distance of 5-10 m. This 
study proves the feasibility of using ZnO nanowire NGs for building self-powered systems, and its 
potential application in wireless biosensing, environmental/infrastructure monitoring, sensor networks, 
personal electronics, and even national security 
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